Incessant menstrual cycle activity, uninterrupted by either pregnancy or oral contraceptive use, is the most important risk factor for sporadic ovarian cancer. Menstrual cycle progression is partly controlled by steroid hormones such as estrogens and others that are secreted by ovarian granulosa cells. We showed earlier that mice carrying a homozygous granulosa cell specific knock out of Brca1, the homolog of BRCA1that is associated with familial ovarian cancer predisposition in humans, develop benign epithelial tumors in their reproductive tract. These tumors are driven, at least in part, by a prolongation of the proestrus phase of the estrus cycle (equivalent to the follicular phase of the menstrual cycle) in Brca1 mutant mice, resulting in prolonged unopposed estrogen stimulation. Mutant mice synchronized in proestrus also showed increased circulating estradiol levels, but the possibility that this changealso plays a role in tumor predisposition was not investigated. We sought to determine whether these changes in hormonal stimulation result in measurable changes in tissues targeted by estrogen outside the ovary. Here we show that mice carrying a Brca1 mutation in ovarian granulosa cells show increased endometrial proliferation during proestrus, implying that the effects of Brca1 inactivation on estrogen stimulation have short-term consequences, at least on this target organ. We further show that mutant mice develop increased femoral trabecular thickness and femoral length, which are well-known consequences of chronic estrogen stimulation. Estrogen biosynthesis by granulosa cells was increased not only in 
INTRODUCTION
We previously suggested, based on observations in a mouse model with conditional inactivation of Brca1 in ovarian granulosa cells, that cancer predisposition in BRCA1 mutation carriers could be controlled, at least in part, by a cell-non-autonomous mechanism (1) . We subsequently demonstrated that Brca1 influenced tumor development in this model through an effect on the estrus cycle, the equivalent of the human menstrual cycle (2) . Specifically, there was a relative increase in the length of proestrus phase (equivalent to the follicular phase of the human menstrual cycle) inFshr-cre;Brca1 flox/flox mutant mice compared to controls. The basal levels of circulating estradiol were also increased, but whether such changes also played a role in tumor predisposition was not investigated (2) . These observations are consistent with reports that Brca1 negatively regulates estrogen biosynthesis (3, 4) as well as estrogen receptor signaling (5, 6) .
We concluded that mice carrying a Brca1 mutation in their ovarian granulosa cells are not only exposed to higher estradiol levels during the proestrus phase of the cycle, but are also subjected to prolonged estradiol exposure unopposed by progesterone due to increased proestrus over metestrus length ratio. We hypothesized that these influences on estrogen metabolism, at least in part, account for the site specificity of the tumors associated with the BRCA1 mutation carrier status in humans. This is supported by epidemiological data demonstrating increased ovarian cancer risk in individuals subjected to increased estrogen stimulation in the absence of progesterone (7), as well as by the finding that circulating levels of estrogen in postmenopausal women (8, 9) as well as during the follicular phase of the menstrual cycle in pre-menopausal women (10) are positively associated with breast cancer risk.
We sought to investigate the biological significance of the increased estrogen exposure observed during the pre-ovulatory phase of the cycle of our mutant mice by comparing tissues that are known targets of this hormone in wild type versus mutant mice. We specifically examined the endometrium and long bones in order to separately evaluate the biological consequences on short-term versus long-term effects of estrogen stimulation.
Here we show that mice carrying a homozygous granulosa cell specific Brca1 mutation exhibited increased endometrial stromal cell proliferation during the proestrus phase of the estrus cycle compared to wild-type littermates. Moreover, mutant mice showed an increase in bone trabecular thickness and femoral length. Although we deliberately introduced a homozygous Brca1 mutation for these experiments in order to maximize the effects of Brca1 inactivation, we hypothesized that the effects of a heterozygous mutation such as present in human BRCA1 mutation carriers would be similar, although of lesser magnitude, due to decreased gene dosage. We tested this hypothesis by measuring and comparing the expression levels of 2 enzymes involved in estradiol biosynthesis, Aromatase and Hsd3B, in ovarian granulosa cells of wild type mice and of mice carrying either heterozygous or homozygous inactivation of Brca1 in their granulosa cells. The levels of both proteins in granulosa cells from heterozygous mutants were significantly different than those from wild type animals and were intermediate between those from wild type and homozygous mutant mice in support of our hypothesis.
Materials and Methods

Source and care of mice
The source of the mice used in this study were described previously (1, 11) . The conditional Brca1 mutation was achieved by crossing mice carrying LoxP sequences flanking exon 11 of the Brca1 gene with mice carrying a transgenic construct expressing Cre recombinase under the control of a truncated form of the Follicle stimulating hormone receptor (Fshr) receptor promoter. The mice carrying the floxed Brca1 allele had a C57 and Black 6 mixed genetic background while those carrying the transgenic construct had a I29 and Black 6 mixed genetic background. The animals were kept under standard animal housing conditions in a 12 hour dark/light cycle. We used 3-month old virgin female mice for studies on endometrial proliferation and 6-month old virgin female mice for studies on bone parameters.
Estrus cycle synchronization using hormonal inoculations
Synchronization into the proestrus phase was achieved by intraperitoneal inoculation of5 IUof Pregnant Mare Serum Gonadotropin (PMSG, Sigma, catalog #G4877) for 48 hours. Synchonization into the metestrus phase was achieved by intraperitoneal inoculation of 5 IUof Pregnant Mare Serum Gonadotropin for 48hrs, followed by 5 IU of human chorionic gonadotropin (hCG, Sigma, catalog #C8554) for 24 hrs.
BrdU labeling and immunostaining
Mice were given a single intraperitoneal injection of 5-bromo-2′-deoxyuridine (BrdU) (200mg/g of body weight) dissolved in phosphate buffered saline (PBS) two hours before being sacrificed. Uteri were fixed in 4% paraformaldehyde and embedded in HistoPrep (Fisher Scientific, Hampton, NH). Ten-micron thick transverse cryostat sections were used. BrdU signals were detected using a Kit purchased from Invitrogen (Invitrogen Corp., Madison, WI, catalog #93-3943). Sections were counterstained with hematoxylin.
Tartrate-resistant acid phosphatase (TRAP) staining
We used a tartrate-resistant acid phosphatase (TRAP) histochemical kit purchased from Sigma (St. Louis, MO, USA, cat #387A-1KT). Manufacturer instructions were followed for staining of cultured cells. The method was modified as described earlier (12) for staining of bone histological sections. Briefly, histological sections were first incubated in a 0.2 M sodium acetate, 50 mM tartaric acid (pH=5) at room temperature for 20 minutes. Naphtol (0.5 mg/ml) and fast red (1.1 mg/ml) were added to the acetate solution and the slides were incubated at 37 o C for 4 hours. The sections were counterstained in Mayer's hematoxylin for 2.5 minutes.
Splenocyte Isolation & Osteoclast Differentiation
Osteoclast progenitors were isolated from wild type and mutant mouse spleens, homogenized by mechanical disruption, and passed through 70 μm filters. The filtrates were put into red cell cell lysis buffer (0.74% NH 4 Cl, 0.017%[0.01 mM] Tris-HCl, 4°C), and resuspended in MEM-Hank's Salts. Splenocytes (1.8x10 6 cells/well) were co-cultured with newborn mouse calvarial osteoblasts (13) (6.0x10 5 /well) in 12-well plates in αMEM (Gibco) supplemented with 20% fetal bovine serum, 10 nM 1α, 25-dihydroxyvitamin (Sigma), and 1% Penicillin/Streptomycin (Gibco). After 14 days the calvarialosteoblasts were removed by 0.1% Collagenase P (Sigma) digestion and the mature osteoclasts were either stained for Tartarate Resistant Acid Phosphatase or subjected to DNA isolation procedures.
Measurement of aromatase and Hsd3B expression in ovarian granulosa cells
Mice were inoculated with 5 IU of Pregnant Mare Serum Gonadotropin (PMSG) and sacrificed after either 24 or 48 hours. Total cellular protein extracts were obtained from homogenized ovaries, electrophoresed on SDS-gels, and transferred to polyvinylidene fluoride membranes (Biorad, Cat# 12-0177) that were hybridized to the following antibodies: polyclonal goat anti-human 3beta-HSD antibody (Santa Cruz Biotechnology, Inc. sc-30820); polyclonal rabbit anti-human CYP19A antibody (Santa Cruz Biotechnology, Inc. sc-30086); and polyclonal rabbit anti-human GAPDH antibody (Santa Cruz Biotechnology, Inc. sc-25778). IRDye 800 CW anti-goat antibody (LI-COR Biosciences, Cat# 827-08367) and IRDye 680 anti-rabbit antibody (LI-COR Biosciences, Cat# 827-08952) were used as secondary antibodies. The membranes were scanned using the Odyssey Imaging System (LI-COR Biosciences) and infrared signal intensity was determined using the software package that came with this instrument. Three determinations of aromatase and Hsd3B expression were made for each experimental mouse.
Microcomputed Tomographic Analyses
Whole femora (one per mouse) were scanned using a microcomputed tomography system (Siemens Medical, Germany) and analyzed using Scanco software (Scanco Medical AG, Switzerland). The scans were performed at a 9 μm resolution in all three spatial dimensions. After reconstruction, a constrained 3D Gaussian filter was used to partly suppress the noise in the volumes. The mineralized tissues were differentially segmented by a global thresholding procedure (14) and morphometric parameters were determined using a direct 3D approach (15) . Trabecular bone was analyzed in the secondary spongiosa of the femoral distal metaphysis extending proximally 2.8 mm from the proximal tip of the primary spongiosa. Cortical bone parameters were measured in a diaphyseal segment extending 1 mm distally from the midpoint between the femoral ends. Parameters determined in the metaphyseal trabecular bone included bone volume density (bone volume/total volume), trabecular thickness, trabecular number and trabecular connectivity density. Cortical thickness, diaphyseal diameter, and medullary cavity diameter were determined in the middiaphyseal region.
Statistical analyses
Because the endometrial stroma and bone parameters of interest were clearly not normally distributed, we calculated levels of statistical significance (P values) for differences between 'treatment' groups using Wilcoxon's Ranksum test. For differences in aromatase and Hsd3B the data were analyzed by mixed-model analysis of variance to account for the repeated measurements on each mouse. All statistical calculations were made using the statistical package Stata 11 (StataCorp, College Station, TX). All P values quoted are 2-sided.
Results
Short-term effects of increased estrogen stimulation in mice lacking a functional Brca1 protein in their ovarian granulosa cells
We showed earlier that mice carrying a homozygous Brca1 mutation in their ovarian granulosa cells were subjected to increased estrogen stimulation due to a combination of a prolonged proestrusrelative to metestrus (equivalent to the follicular and luteal phases of the human menstrual cycle respectively) phases of their estrus cycle and increased levels of circulating estradiol (2) . The average ratio of the length of proestrus over metestrus was increased by up to 50% in mutant mice compared to age-matched wild type mice (2) . The average circulating levels of wild type mice synchronized in the proestrus phase of their cycle was 20 ± 17 pg/ml compared to 45 ± 21 pg/mL in mutant animals (P t test = 0.002, Wilcoxcon tank-sum test) (2) .We sought to investigate whether such increases in estrogen stimulation lead to measurable changes in tissues targeted by estradiol in order to further evaluate the biological significance of Brca1 mutations. We first asked whether short-term estrogenic responses were different in wild-type and homozygous mutant mice by comparing rates of proliferation in the endometrium of these 2 groups of mice during the proestrus phase of their estrus cycle. This phase, which corresponds to the proliferative phase of the human menstrual cycle, is characterized by endometrial proliferation driven by estrogen stimulation unopposed by progesterone. Mice were synchronized in this phase by inoculating them with PMSG, a gonadotropin formulation, as previously described (2) .An increase in BrdU incorporation in the endometrial stroma of 3-month-old mutant animals compared to wild-type littermates (6 mice in each group) is readily apparent from the representative sections of endometrium shown in Fig. 1 . The percentage of BrdU-positive stromal cells was 3.5 fold higher in mutants compared to wild-type mice (Table 1) .
We next synchronized mice in the metestrus phase of their cycle (corresponding to the luteal phase of the menstrual cycle) by inoculation of hCG for 24 hours at the end of the 48-hour exposure to PMSG (2) . Proliferation of endometrial stroma was clearly lower, as expected, but differences between mutant and wild-type animals were smaller during this phase and did not reach statistical significance (Table 1 ). Attempts to demonstrate a difference in cellular proliferation in endometrial epithelium in mutant and wild-type mice in the pre-and post-ovulatory phases were likewise unsuccessful because approximately half of the mice in all groups showed no detectable BrdU incorporation in this cellular compartment in the sections examined. Although an occasional mouse showed incorporation in a significant proportion (over 10%) of endometrial epithelial cells, the high degree of mouse-to-mouse variation precluded any meaningful conclusion about potential associations between endometrial epithelial cell proliferation and either estrus cycle stage or Brca1 mutational status. This is compatible with results of Wood and colleagues (16) , who found that among the three endometrial cellular compartments (luminal, glandular and stromal), only the stroma showed a positive correlation between proliferation and endogenous circulating estradiol levels. Our overall findings in the endometrial stroma are therefore supportive of an increase in endogenous circulating estradiol.
Long-term effects of increased estrogen stimulation in mice lacking a functional Brca1 protein in their ovarian granulosa cells
Estrogen stimulation is an important determinant of the growth surge that coincides with the onset of puberty in humans. In addition, estrogen increases bone mineral density in humans and rodents (17, 18) . Moreover, estrogen has been widely used to prevent and treat postmenopausal osteoporosis in women. We sought to determine whether the increased estrogen exposure in cycling mutant mice compared to wild-type animals resulted in differences in long bone length and microarchitecture as a means of evaluating the long-term consequences of such increase. We used micro-computed tomography (micro-CT) to compare trabecular and cortical bone parameters in the femur of 6 month old wild-type versus mutant mice. As shown in Table 2 and Figure 2 , femora from the mutant mice were remarkably longer, and their trabeculi were 17.6% thicker than those in control mice. Other bone parameters, such as volumetric trabecular density (bone volume/total volume), diaphyseal diameter, and cortical thickness, were also increased in mutant mice (Table 2) , although these changes did not reach statistical significance. These differences are likely attributable to the prolonged increase in estrogen exposure that we previously documented in mutant mice(2).
Fshr expression has been reported in osteoclasts (19, 20) . Given that Cre-mediated brca1 rearrangement was driven that the Fshr promoter in our mutant mice, we considered the possibility that the changes in bone parameters observed in our mutant mice were due to a Brca1 mutation in osteoclasts instead of changes in steroid hormone exposure. We examined the state of rearrangement of Brca1 in osteoclasts from 2 different sources to rule out this possibility. Genomic DNA was extracted from 2 mm-thick sections of femoral bone immediately proximal to the distal growth plate in the first approach. As shown in Fig. 3a , this region of the bone is rich in osteoclasts, which are decorated in red due to histochemical reactivity for tartrate resistant acid phosphatase in the figure. The second approach was to induce osteoclast differentiation from cultured splenocytes by co-culture with primary osteoblasts. Primary osteoblasts provide M-CSF and RANKL which interact with the corresponding receptors on spleen-derived osteoclast progenitors, hence driving their differentiation into mature osteoclasts. Osteoclasts positive for TRAP are demonstrated in Fig. 3b in cultures from both wild type and mutant mice. As shown in Fig. 4 , the expected 530 base pair PCR product was obtained with DNA from all sources when the reaction was primed with "a" and "b" primers, which flank a loxP site in DNA that has not undergone Cre-mediated recombination. In contrast, the expected 647 base pair amplification product was only seen with DNA isolated from mutant ovaries, ourpositive control, when we used the "e" and "d" primer pair flanking the recombination site. These data suggest that there was no Brca1 recombination within bony tissue in our mutant mice, implying that the changes in bone parameter observed in these mice were driven cell non-autonomously. The most straightforward explanation for the absence of Cre activity in bone tissues in our experimental model is that our transgenic construct is driven by a truncated form of the Fshr previously shown to have a more restricted spectrum of tissue expression than the wild type form (21) .
Significance of heterozygous Brca1 mutations in ovarian granulosa cells
Germline mutations present in human BRCA1 mutation carriers are invariably heterozygous. We used mice carrying a homozygous mutation in their ovarian granulosa cells in our studies on endometrial proliferation and on bone parametersin order to maximize the effects of Brca1 inactivation. We reasoned that a heterozygous mutation would have similar, although less severe consequences due to differences in gene dosage. We took advantage of our prior knowledge that two enzymes involved in estradiol biosynthesis, aromatase and Hsd3B, were expressed at higher levels in the granulosa cells of mutant mice compared to wild type to test this hypothesis. We compared the levels of these enzymes in heterozygous mutant mice to those in either wild type or mice that carried a homozygous Brca1 mutation. Age-matched mice were inoculated with PMSG for 24 and 48 hours. Total protein extracts were obtained from the ovaries of 5 mice in each group at each of these time points and analyzed by quantitative western blotting using antibodies for Aromatase and Hsd3B. These studies were repeated in 3 independent experiments, each using 5 mice per group. The results were normalized to levels of GAPDH, a house-keeping gene used as control (Fig. 5) . The difference in expression of either aromatase or Hsd3B between wild type and heterozygous mutant mice was significant (2-sided P = .019 and .006 respectively) and intermediate between that of wild type and homozygous mutant mice for both proteins at the 24 hour time point (Fig. 5) . The differences at the 48 hour time point were only of borderline significance (2-sided P = .089 and .054 respectively) because of increased mouse to mouse variation, possibly due to clearing of some of the inoculated gonadotropins at this time point. The trend for a correlation between increased expression of Aromatase and Hsd3B and decreased Brca1 gene dosage remained significant at both time points 2-sided P aromatase-24 hours = .005; 2-sided P aromatase-48 hours < .0001; 2-sided P Hsd3B-24 hours < . 00001; 2-sided P Hsd3B-48 hours = .019). These results show that heterozygous inactivation of Brca1 is sufficient to influence the enzymatic machinery underlying estrogen metabolism and thus support the view that heterozygous mutations in human BRCA1 mutation carriers are biologically significant, even in cancer-free individuals.
DISCUSSION
We recently showed that mice lacking a functional Brca1 in their ovarian granulosa cells are subject to increased estradiol stimulation due to a combination of a prolonged pre-ovulatory (proestrus) phase of the estrus cycle and increased levels of circulating estradiol (2) . Furthermore, we showed a direct correlation between prolongation of the proestrus phase and ovarian/uterine tumor predisposition in this animal model. The question of whether increased circulating estradiol levels, which were only documented during the proestrus phase, played an independent role in mediating tumor predisposition was not investigated. We sought to examine the biological significance of such increased estradiol stimulation associated with Brca1 inactivation. Our results show that indeed, endometrial stromal cell proliferation, a short-term consequence of estradiol stimulation, was increased in mutant mice. Moreover, the trabecular thickness as well as the length of long bones, all attributable to a chronic increase in estradiol stimulation, were likewise increased in mutant compared to wild-type animals. Most likely, these changes were not driven by Brca1 inactivation in bone because the transgenic construct used to drive Brca1 recombination in our conditional knock out model was not expressed in bone tissues or cultured osteoclasts. A number of epidemiological studies have identified height as a risk factor for both breast and ovarian cancers (22) (23) (24) , consistent with our results showing an association between femoral bone length and loss of Brca1 function. More recently, evidence was reported for an association between height and cancer risk in general (25) . Our results provide a potential mechanism for such an association, at least in the context of ovarian cancer.
The underlying rationale for undertaking the studies reported in this manuscript was based on the notion that cancer predisposition in BRCA1 mutation carriers is due, at least in part, to a cell non-autonomous mechanism whereby decreased BRCA1 expression in such carriers leads to menstrual cycle alterations resulting in changes in cyclic hormonal production. Such a scenario is supported by animal models (2)and is consistent with the fact that the menstrual cycle is the most important known risk factor for the non-familial forms of all ovarian carcinoma subtypes except mucinous (26) . It also provides an explanation for the fact that cancer predisposition in BRCA1 mutation carriers is only manifested in reproductive organs and breast. On the other hand, there is also considerable data supporting the widely accepted notion that BRCA1 acts as a classical tumor suppressor. Such evidence includes the observation that most cancers arising in BRCA1 mutation carriers, if showing loss of heterozygosity affecting the BRCA1 locus, have retained the mutant allele. Our support for a cell non-autonomous mechanism is not incompatible with the widely held view that BRCA1 acts as a tumor suppressor, as the 2 mechanisms are not mutually exclusive. In fact, we recently suggested a model where both mechanisms can cooperate, with a cell nonautonomous mechanism leading to increased proliferation of the tissues at risk of cancer development and a tumor suppressor mechanism facilitating malignant transformation due to mitotic errors leading to tetraploidy followed by aneuploidy (27) .
An important clinical problem encountered by medical geneticists when evaluating cancer risk based on BRCA1 gene sequencing analyses comes from sequence variants of undetermined significance. Our findings of measurable manifestations of chronic increases in estrogen stimulation in our mutant mice raises the possibility of looking for similar longterm manifestations in human BRCA1 mutation carriers as a means of evaluating familial cancer risk in subjects carrying BRCA1 base substitutions of unknown significance. There may also be some merit in investigating the utility of measuring acute response to exogenous hormones such as gonadotropins on circulating estrogen levels or endometrial proliferation for the same reason.
The increase in bone parametersobserved in our mutant mice implies that human BRCA1 mutation carriers may be less prone to bone fractures due to increased mineralization. Other consequences of long-term increase in estradiol stimulation, such as cardiovascular effects, might also be of benefit to these carriers, although this was not examined in the current study. Thus, although the carrier state for BRCA1 mutations in humans is associated with increased risk of severe life-threatening illnesses including breast and ovarian cancers, such a carrier state may also have some inherent advantages that may have contributed to the maintenance of mutated BRCA1 alleles in the human gene pool and maycontinue to be beneficial to contemporary humans.
The situation created in our mouse model, in which both alleles of Brca1 are nonfunctional in ovarian granulosa cells, does not occur in human because only one allele is inactivated in BRCA1 mutation carriers. We hypothesized that the reduced levels of functional BRCA1 activity due to decreased gene dosage in the ovarian granulosa cells of such carriers may be sufficient to induce changes similar to those seen in our mouse model. Our results show that indeed, expression levels of two enzymes important for estradiol biosynthesis were significantly different in mice carrying a heterozygous granulosa cell specific Brca1 mutationcompared to wild type mice and that such levels in heterozygous mice were intermediate between those in wild type and homozygous mutant mice. In addition to supporting our hypothesis, these results imply that the heterozygous mutation present in the germline of BRCA1 mutation carriers is not only associated with cancer predisposition, but results in measurable phenotypic manifestations even in people who do not develop cancer. An understanding of the full biological implications of the BRCA1 mutation carrier state in humans may have a profound impact on approaches to evaluate breast and ovarian cancer predisposition in selected populations as well as on the clinical management of BRCA1 mutation carriers. Table 2 Trabecular and cortical bone parameters and length of femora from wild-type andmutant mice 
